The performance of carboxylated cellulose nanofibers (CNF) membranes has been measured in-situ as a function of CNF surface charge (600 and 1550 µmol g-1), membrane thickness and fuel cell relative humidity (RH 55 to 95 %). The structural evolution of the membrane as a function of RH has been measured by Small Angle X-ray scattering, showing that water channels are formed above 75 % RH. The amount of absorbed water depends on the membrane surface charge and counter ions (Na+ or H+). The high affinity of CNF for water and the high aspect ratio of the nanofibers, together with a well-defined and homogenous membrane structure, ensures a proton conductivity exciding 1 mS cm-1 at 30 °C between 65 and 95 % RH, around two orders of magnitude larger than previously reported values and only one order of magnitude lower than Nafion 212. Moreover, the CNF membranes are characterized by a lower hydrogen crossover than Nafion, despise been ≈ 30 % thinner. Thanks to their environmental compatibility and promising fuel cell performance the CNF membranes should be considered for new generation PEMFCs. AFM Characterization. Figure S1 shows the AFM characterization of the cellulose nanofibers (CNF).
Additional Experimental details.
AFM Characterization. Figure S1 shows the AFM characterization of the cellulose nanofibers (CNF).
Figure S2 Number of water molecules per carboxylic groups (l) of the H-CNF-1550
SAXS radial integrated intensity of CNF with Na counter ions. Figure S3 shows the scattering pattern of Na-CNF-1550 and Na-CNF-600. 
INTRODUCTION 28
Proton exchange membrane fuel cells (PEMFC) are devices capable of producing electrical 29 power from hydrogen gas. The high specific energy and energy density of hydrogen compared 30 with batteries make PEMFC particularly attractive for propulsion of heavy duty and long distance 31 vechicles. 1 A critical component of the PEMFC is the membrane electrode assembly (MEA), 32 which consists of two electrodes separated by a proton exchange membrane (PEM). The electrodes 33 have a porous structure that allows the mass transport of the reactants and the removal of produced 34
water. The PEMs have to meet the requirements of high proton conductivity and electrical 35 isolation, low fuel and oxidant permeability, low swelling and high stability during operation.
2,3

36
The most commonly used membrane material is Nafion, a perfluorosulfonic acid polymer developof sodium hypochlorite were added to obtain, respectively, 600 and 1550 µmol g -1 of carboxylic 84 groups. After the chemical treatment, the oxidized pulp was washed with deionized water and 85 redispersed with a concentration of 1 wt%. The mechanical fibrillation was performed in two steps 86 with a microfluidizer M-110EH, Microfluidics Corp. Firstly, the pulp was passed 3 times through 87 two chambers with a channel size of 400 and 200 µm at 925 bar, then 9 times through two smaller 88 chambers of 200 and 100 µm at 1600 bar. After the chemical treatment, part of the 1 wt% 89 transparent CNF gel was diluted to 0.3 wt% and sonicated for 8 min with a probe sonicator (20 90 kHz, 80 % total power, 250 mL max volume). The suspension was centrifuged to remove the 91 impurities after the sonication and the 0.3 wt% CNF suspension was ready to use. Both sonicated 92 and non-sonicated CNF membranes were tested in the in-situ FC. 93 CNF size and charge determination. The length and height of CNF (see Supporting Figure  94 S1) were determined from the micrographs acquired by atomic force microscopy (Veeco 95 Dimension 3100 SPM) using the tapping mode in air. The samples were prepared by depositing 96 300 µL of 0.01 wt% suspension onto pre-treated mica substrate with 3-aminopropyl 97 triethoxysilane (Sigma Aldrich, 99 %). The excess of suspension was removed by a stream of air. 98
The surface charge was determined by conductometric titration on the oxidized pulp, following 99 the protocol reported in literature. . 234 × 100
(1) 111 in which WRH is the weight of the membrane at specific RH condition and Wdry is the weight of 112 the dry membrane, dried at 105 °C overnight before the measurement. , OCP-0.7 V, under N2/H2 gas) were performed using 60 mL min -1 nitrogen 127 flow and 30 mL min -1 hydrogen flow. Thereafter, current-voltage curves were measured from 128
Open Circuit Voltage (OCV) to 0.3 V at a scan rate of 1 mV s -1 with 50 mL min -1 oxygen gas and 129 30 mL min -1 hydrogen gas on either side of the membrane. The change in conductivity and gas 130 crossover with relative humidity was measured after the sequence above going from high humidity 131 to low with nitrogen gas at the working electrode and hydrogen gas at the counter electrode. 132
RESULTS 151
The CNF membranes were manufactured from aqueous suspension of nanofibers characterized by 152 high aspect ratio with a length of ≈ 300 nm and height of ≈ 2 nm (see Supporting Figure S1 ). The 153 CNF membranes, consisting of nanofibers with a surface charge of 600 and 1550 µmol g -1
154
(respectively CNF-600 and CNF-1550), were compared with respect to water uptake and 155 conductivity. Figure 1A shows the water uptake of the CNF-600 and CNF-1500 membranes at 156 different RH (55-95 %) before and after being ion-exchanged (see also Table S1 supporting 157 information). 158 
162
The water uptake for the CNF-COOH increases about one order of magnitude from 55 to 95 % 163 RH, while for the CNF-COONa ones increases two orders of magnitude. At 95 % RH the water 164 uptake of CNF-COONa is much higher than the CNF-COOH, approximately 500 % bigger. The9 CNF membrane with higher surface charge (1550 µmol g -1 ) have higher water uptake compared 166 to the ones with lower (600 µmol g -1 ), as reported elsewhere. 16, 28 The carboxylic groups have a 167 lower hydration shell than the carboxylated groups reducing the water uptake, which translate in 168 lower swelling and thus higher dimensional stability. Moreover in CNF-COOH the interaction 169 between cellulose nanofibers is higher due to the hydrogen bond, which results in a higher Young's 170 modulus. 29 
171
The in-situ conductivity of H-CNF-1550 was measured as a function of RH, from 95 to 55 % 172 and the results are shown in Figure 1B . At 95 % RH, the conductivity is close to 2 mS cm -1 , two 173 orders of magnitude higher than previously reported values for nanocellulose-based membranes. Nafion is most likely related to MEA preparation and internal resistances within the cell housing, 177 however, the experimentally measured value can be directly compared to the CNF. The 178 conductivity of H-CNF-1550 is constant above 65 %, but drops significantly at 55 % RH, whereas 179 the conductivity of Nafion decreases almost logarithmically with decreasing RH. 180
These measurements suggest that in-situ conductivity of CNF membranes is less sensitive to 181 humidity changes than Nafion, probably due to the higher hydrophilic character and the different 182 water interaction of CNF compared to Nafion. The number of water molecules per proton 183 conductive site of CNF ( Figure S2 supporting information) , represented by the water content l,
30,31
184 is more than 100 times higher than that of Nafion 212. 10 
185
The CNF membrane conductivity was also measured for different thickness and surface charges, 186 observed to be independent of the membranes thickness, indicating that the membranes have a 195 homogenous charge distribution. The difference between H-CNF-1550 and H-CNF-600 is given 196 by the differences in surface charge of the two samples, whereas the difference between CNF and 197 Nafion can have the following explanations. First, the pKa of Nafion is around -6 while the 198 carboxylic acid present on the CNF surface is ≈ 3-4, thus it is significantly less acidic. Second, 199 Nafion is characterized by the presence of hydrophobic and hydrophilic domains, that have been 200 proven to enhance the proton conductivity, by the formation of confined water micro-channels in 201 the Nafion membrane. 11 
202
In order to improve the understanding of how the CNF membrane structure affects the 203 conductivity, the membranes were characterized using electron microscopy and small angle X-ray 204 scattering (SAXS). The membranes consist of layers where the CNF forms an entangled network. The SAXS data were fitted using two-stage model written as: 217
where A and B are scaling factors and C is a constant background. The first term to the right is 219 a power law function depicting the large structure in scaling exponent n, known as Porod exponent, 220 which is related to the complexity of the network connection. As n decreases when the RH 221 increases, it suggests that in the tested RH condition, the CNF agglomerates are kept highly 222 entangled, despite water swelling the nanofiber network. Generally, an exponent 1< n <3, it 223
indicates that the network may adopt a bulk fractal dimension, whereas 2 < n <3, it is known as 224 mass fractal, which is observed in most of cases in this study (see support information Table S2 ). 225
The second term adopts the form of a Gaussian function, which is known for describing an average 226 size Ξ of small features. In this case, it is related to the pores embedded in the densely packed CNF 227 membranes. Ξ accounts for the distinct feature that appears around q ≈ 0.59 nm -1 , that increases 228 with the water content and it is attributed to the formation of water channels in those pores. Indeed, 229 due to the swelling induced by the water uptake the size of the pores increases from ≈ 1.0 nm at 230 55-75 % to ≈ 2 nm at 95 % RH (See support information Table S2 ), slightly smaller than the 231 average diameter of CNF. This observation is in line with the water uptake data presented in 232 Figure 1A . At 95 % RH the CNF membrane have a pore size comparable with fully hydrated 233 Nafion with width of 2.5 ± 0.2 nm using electron microscope cryotomography. 36 An increase of 234 porosity during the swelling increases the scattering volume (CNF-pore), despite the incorporation 235 of water condensing in the membrane channels reduces the scattering contrast (CNF-water 236 interphase), leading to the increase in intensity at the high q range. The higher scattering intensity 237 of H-CNF-1500 ( Figure 2C ) is associated with a higher water uptake compare to H-CNF-600 238 (Figure 2D ), as the amount of water depends on the type of counter ions (Na + or H + ) and on the 239 amount of surface charge on the nanofibers ( Figure 1A) . The SAXS pattern of the Na-CNF-1550 240
and Na-CNF-600 ( Figure S3 and Table S2 supporting information) shows higher intensity and aless define feature at high q, due to the higher amount of water and higher swelling. The interaction 242 between water and cellulose has been extensively studied, [37] [38] [39] showing that the water is present in 243 the CNF as absorbed and bound water. The movable bound water is located between the nanofiber 244 agglomerate-agglomerate interface whereas the immobile portion is between nanofibers belonging 245 to the same agglomerate. 39 The absorbed water promotes the formation of channels with increase 246 humidity (feature at high q). Intuitively, the mobility of the absorbed water is higher than the bound 247 water, suggesting that the predominant and most favorable proton conduction mechanism in CNF 248 membrane may occur via the hydrogen bonds present in the liquid water (Grotthuss mechanism). 249
The structure evolution of the membrane as a function of humidity suggests that the formation of 250 the water channels in the structure mainly form above 75 % RH. At the same time the in-situ 251 conductivity remains constant towards 65% RH (figure 1B) despite the structural changes and the 252 variation in water content ( Figure 1A ), meaning that bound water has to contribute to the proton 253 conduction. Indeed, the difference on the amount of absorbed water between 55 and 65 % RH for 254 the H-CNF-1550 is only around 1 %. Thus, the bound water may be able to ensure similar proton 255 conduction at 55 % RH and the drop in conductivity ( Figure 1B ) it may due to some fuel cell 256 operational causes. The fact that the value of in-situ conductivity vs RH is constant, it is 257 unprecedented for nanocellulose based membranes. Bayer at al. show that ex-situ proton 258 conductivity decreases approximately 2 orders of magnitude between 80 and 70 % RH. 22 The 259 lower conductivity towards low RH could be attributed to the use of thick CNF with a fiber 260 thickness of tens to hundreds nanometers, cf. the CNF used in this study with a thickness of ≈ 2 261 nm ( Figure S1 supporting information) . This likely leads to a decreased amount of surface water 262 in the membrane. Recently, Jankowska et al. showed that films made of nanocellulose had higherproton conductivity compared to the ones made of larger microcellulose,that highlight the importance of high aspect ratio nanofibers and well defined and homogenous 265 membrane structures (achievable by controlled slow drying conditions), which are tightly 266 connected with the membrane water interaction and thus with the proton conductivity. 267
In addition to high proton conductivity barrier properties towards H2 and O2 is another key factor 268 for a well-functioning PEM, which has been previously shown for CNF. Here the in-situ characterization of the H2 permeability, were performed using cyclic voltammetry 274 (CV) and crossover current density measurements. Figure 3A shows the cyclic voltammograms of 275 the H-CNF membranes with 600 and 1550 µmol g -1 and Nafion 212. Both CNF and Nafion curves 276
show similar size of the adsorption and desorption peaks for hydrogen onto the 100 and 110 facets 277 of the Pt catalyst (peaks below 0.4 V). This indicates that the electrodes in all tests have similar 278 amounts of catalytic sites available and that the use of CNF membranes does not affect the catalyst 279 layer. At N2 /100 % H2 conditions in a fuel cell the crossover of hydrogen from the 280 counter/reference electrode results in a typical lift of the CV for Nafion. However, both H-CNFmembranes curves center around a lower current density than Nafion, which is an indication of a 282 lower hydrogen crossover at these operating conditions, despite the CNF membranes being are 283 significantly thinner (≈ 14 µm compared to 51 µm). The low hydrogen permeability is probably 284 related to the layered structure and high density of the CNF membranes (Figure 2A and 2B) . The 285 same conclusions were reached for CNF and CNC membrane prepared by vacuum filtration and 286 hot pressing. 22 The cross-over current density ( Figure 3B ), proportional to the hydrogen cross-287 over, confirms the observations in the CV characterization. Nafion is characterized by the highest 288 cross-over current density and among the H-CNF membranes the H-CNF-600 has the lowest cross-289 over. No significant difference between H-CNF-600 and H-CNF-1550 is observed, but a small 290 decrease can be seen with increased membrane thickness. Calculating the permeability coefficients 291
for the CNF membranes gives 1.5±0. The fuel cell performance of the investigated membranes is shown in Figure 4 . The influence of 296 the CNF surface charge and thickness of membranes on performance was evaluated by current 297 density-voltage measurements in a fuel cell during operation at 30 °C and 95 % RH. The IR-298 corrected (dashed lines) and non-corrected (solid lines) polarization curves of H-CNF-1550 and 299 H-CNF-600 membranes at different thickness are shown. The IR-corrected lines are compensated 300 using the high frequency resistance, from which the conductivity was calculated, and removes any 301 differences in resistance due to various thickness of the membranes and any other resistive losses 302 in the cell. 
